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P71 ABSTRACT 
Apparatus for comparing first and second sets of volt- 
ages having one-to-one correspondence, and providing 
an indication responsive to the magnitudes of the pair- 

wise differences of the voltages; typically comprising a 
plurality of channel waveguides ( l l ) ,  each having a first 
electrode (12) on one side of the channel (11) and a 
second electrode (13) on the opposite side of the chan- 
nel (11); contacts (14) and conductors (16) for connect- 
ing each voltage of the first set to the first electrode (12) 
of one waveguide (11); contacts (b 15) and conductors 
(17) for connecting each voltage of the second set to the 
second electrode (13) of the waveguide (11) to the first 
electrode (12) of which the corresponding voltage of 
the first set is connected; a coupling prism (la), a beam 
splitter (19), and a waveguide portion (20) for directing 
to the input end (21,22) of each waveguide (11) a sub- 
stantially plane wave of coherent light (as indicated at 
23,24,25) having predetermined relative intensity and 
phase; and a detector (51) and associated circuitry 
(52,58) responsive to the light emerging (as indicated at 
26) from the output end (28,29) of the waveguides (11) 
(via a beam splitter 44 and a coupling prism 45) for 
providing an indication that is a function of the pairwise 
relative magnitudes of the first set of voltages and the 
second set of voltages. 

, 

19 Claims, 5 Drawing Figures 
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PAIRWISE COMPARISON DEVICE 

The invention described herein was made in the per- 
formance to work under NASA Contract No. NAS 
1-14655 and is subject to the provisions of Section 305 
of the National Aeronautics and Space Act of 1958 (72 
Stat. 435; 42 U.S.C. 2457). 

FIELD 
This invention relates to apparatus for pairwise com- 

parison of quantities such as numbers, components of 
vectors, physical properties, and any other computable 
or measurable quantities. Each quantity is converted 
into a voltage, and two sets of voltages having one-to- 
one correspondence (for each voltage in the first set 
there exists exactly one corresponding voltage in the 
second set, and for each voltage in the second set there 
exists exactly one corresponding voltage in the first set) 
are connected to the apparatus. The apparatus provides 
an indication that is a function of the relative magni- 
tudes of each pair of corresponding voltages in the two 
sets (the algebraic difference between the first voltage 
of the first set and the first voltage of the second set, and 
so on for the second voltage in each set, the third volt- 
age in each set, etc., to the last voltage in each set). The 
indication provided by the apparatus can be such as. to 
be useful in computations such as vector or scalar sub- 
traction (or addition, with the voltages in one set re- 
versed), computing the proximities of sets of quantities, 
comparing such proximities, indicating whether sets are 
approximately identical, and various other information 
generating and processing operations. 

BACKGROUND 
A major problem associated with the earth resources 

monitoring programs is the enormous amount of data 
that is collected by the monitoring instruments and 
transmitted to earth from the remote sensor platforms. 
The quantity of the data is such that its timely analysis 
is a severe problem, a problem that will be compounded 
as more sophisticated, higher resolution sensors are 
employed. If we consider systems having as their pur- 
pose feature identification by means of the intensity or 
ratio of intensities of reflected solar radiation in a num- 
ber of wavelength bands, then there are a number of 
approaches to cutting down the data load which might 
be considered. One obvious approach is to halt data 
transmission if it is determined that data are uninterest- 
ing. Thus, a device that recognizes the presence of 
excessive cloud cover can signal a halt to data transmis- 
sion. Similarly, a device that recog.nizes clear sea water 
can be used to interrupt data transmission if only depar- 
tures from clear water are sought. 

A more sophisticated function than the editing func- 
tion described above is that of remote feature identifica- 
tion in real time. If this is accomplished then feature 
identification rather than raw multispectral data can be 
transmitted, and an enormous reduction is achieved in 
the time between data acquisition and utilization. 

A typical embodiment of the present invention com- 
prises an integrated optical data preprocessor for multi- 
spectral data. The device compares received analog 
signals in 16 channels with a large set of prerecorded 
data sets in real time, and classifies the received data on 
the basis of the comparison. The operating principles of 
the device are discussed herein, and details of the proto- 
type design are provided along with a discussion of the 

reasons for the design choices that were made. The 
prototype is a 16-channel integrated optical data proces- 
sor utilizing optical subtraction techniques to take a 
“vector difference” of two sets of analog voltages. It 

5 includes a set of 16 signal electrodes and a set of 16 
reference electrodes as well as electrodes for trimming 
the phase of the reference beam. 

DISCLOSURE 
Typical apparatus according to the present invention 

for comparing first and second sets of voltages having 
one-to-one correspondence, and providing an indica- 
tion responsive to a function of the magnitudes of the 
pairwise differences of the voltages comprises: a plural- 

15 ity of channel waveguides, each having a first electrode 
on one side of the channel and a second electrode on the 
opposite side of the channel; means for connecting each 
voltage of the first set to the first electrode of one wave- 
guide; means for connecting each voltage of the second 

20 set to the second electrode of the waveguide to the first 
electrode of which the corresponding voltage of the 
first set is connected; means for directing to the input 
end of each waveguide a substantially plane wave of 
coherent light having predetermined relative intensity 

25 and phase; and means responsive to  the light emerging 
from the output end of the waveguides for providing an 
indication that is a function of the pairwise relative 
magnitudes of the first set of voltages and the second set 
of voltages. 

The channel waveguides and the adjacent means 
typically comprise a device for guiding a relatively 
broad substantially plane input wave of coherent light, 
segmenting it into a plurality of narrower waves, and 
reassembling them into a single relatively broad input 

35 wave that may be similar to the input wave or may have 
a phase shift pattern imposed upbn it. Typically this 
device comprises a thin film waveguide whose width is 
relatively broad at its input end, positioned to receive 
the input wave, and comprising: a relatively short input 

40 end portion comprising a continuous region of thin 
material, having a relatively high index of refraction 
and of substantially uniform width, extending in a pre- 
determined direction; a first longer transitional portion 
comprising a continuation of the same material extend- 

45 ing from the input end portion in approximately the 
same direction in a plurality of narrower first transi- 
tional strips of which adjacent ’ones are contiguous at 
the input end, each strip tapering away from the adja- 
cent strips approximately as a long, narrow parabola to 

50 a substantially narrower width at its other end; a middle 
portion comprising a further continuation of the same 
material extending from the narrower ends of the first 
transitional strips in approximately the same direction, 
at least for a substantial length, in still longer middle 

55 strips of substantially uniform width and spacing; a 
second transitional portion, similar to the first, compris- 
ing a further continuation of the same material extend- 
ing from the middle strips in approximately the same 
direction in second transitional strips, each tapering 

60 from the narrow width of the 4 d d l e  strips approxi- 
mately as a long, narrow parabol. . to  the width where it 
becomes contiguous to the adjacent strips; and a rela- 
tively short output end portion, similar to the input end 
portion, comprising a further continuation of the same 

65 material in a continuous region extending from the sec- 
ond transitional portion in approximately the same di- 
rection. Typically the middle strips are parallel to each 
other and are curved in a region spaced from the transi- 
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tional portions, and the width of each middle strip is 
about 2 to 50 times the wavelength of the input wave. 

The apparatus typically comprises first and second 
such waveguides located substantially in a plane; 
wherein the input end portion of the first waveguide 
extends in a direction at an acute angle with a straight 
centerline in the plane, to direct the input wave gener- 
ally along, but also away from, the centerline; the mid- 
dle portion of the waveguide is curved in a region 
spaced from the transition portions, to direct the wave 
further at an approximately equal acute angle, generally 
along, but also back toward, the centerline; and the 
second waveguide is similar to the first one, except that 
it is a mirror image thereof and symmetrically posi- 
tioned therewith on the opposite side of the centerline. 

Typically the apparatus comprises also an input-end 
thin film surface grating means for receiving a substan- 
tially plane wave of coherent light ana splitting it into 
first and second input beams; the first input beam, com- 
prising a part, (a), of the received wave, being directed 
in a first direction to the input end portion of the first 
waveguide, and the second input beam, comprising 
substantially the remainder, (1 -a), of the received 
wave, being directed in a second direction to the input 
end portion of the second waveguide; and an output- 
end thin film surface grating means for receiving the 
beam from the output end portion of the first waveguide 
and splitting in into first and second output component 
beams; the first output component beam, comprising a 
part, (1-a), of the beam received from the first wave- 
guide, being directed in a third direction to detecting 
means for providing an indication responsive to the 
intensity of any light impinging upon it, and the second 
output component beam, comprising substantially the 
remainder, (a), of the beam received from the first 
waveguide, being directed in a fourth direction to re- 
gions spaced from the detecting means; the output thin 
film surface grating means receiving also the beam from 
the output end portion of the second waveguide and 
splitting it into third and fourth output component 
beams, the third output component beam, comprising a 
part, (a), of the beam received from the second wave- 
guide, being directed in the third direction to the detect- 
ing means, and the fourth output component beam, 
comprising substantially the remainder, (1 -a), of the 
beam received from the second waveguide, being di- 
rected in the fourth direction to regions spaced from the 
detecting means; wherein any of the named directions 
may be substantially the same as any other except that 
the first direction must be different from the second and 
the third direction must be different from the fourth; 
whereby the light directed by the output thin film sur- 

. 

4 
means responsive to the emerging light may comprise 
means for providing an indication when the first set of 
voltages is within a selected close approximation to the 
second set of voltages. 

The apparatus may be used for comparing a first set 
of voltages with each of a plurality of second sets of 
voltages. It then typically comprises means for connect- 
ing each second set to the corresponding second elec- 
trodes at a different instant while the first set is con- 

10 nected to the corresponding first electrodes, and the 
means responsive to the emerging light typically com- 
prises means for determining how closely each second 
set approximates the first set. The means responsive to 
the emerging light may comprise also means for indicat- 

l5 ing which, if any, of the second sets of voltages are 
within a selected close approximation to the first set of 
voltages. Alternatively, or additionally, the means re- 
sponsive to the emerging light may comprise also means 
for comparing the respective closenesses, and means for 
indicating which second set most closely approximates 
the first set. 

Where the apparatus is used for providing an indica- 
tion that is a function of the magnitude of the difference 
of two vectors, the vectors may be represented by ana- 

25 logs comprising a first set of voltages proportional to 
the respective components of one vector and a second 
set of voltages proportional to the respective compo- 
nents of the other vector. Similariy, where the appara- 

3o tus is used for providing an indication that is a function 
of the algebraic sum of the pairwise algebraic differ- 
ences between two sets of numbers having one-to-one 
correspondence, the numbers may be represented by 
analogs comprising a first set of voltages proportional 

35 to the respective numbers in one set and a second set of 
voltages proportional to the respective numbers in the 
other set. 

In typical embodiments of the invention, the plurality 
of channel waveguides are located substantially- in a 
plane and include, for each waveguide to the electrodes 
of which are connected a voltage of the first set and a 
voltage of the second set, a waveguide positioned on the 
opposite side of a straight line in the plane; means are 
provided for controlling the phase of the wave in each 

45 opposite-side waveguide such that at the output end 
thereof the phase is substantially a selected angle away 
from the phase of the wave at theoutput end of the 
corresponding waveguide on the other side of the line 
when the voltage of the first set and the voltage of the 

50 second set connected to the electrodes thereof are sub- 
stantially equal; and the means responsive to the emerg- 
ing light comprises means for effectively combining the 

5 

face grating means to the detecting means comprises wave-at the butput end of the corresponding wave- 
substantially the fraction (a) (1 -a) of the wave received guides with the wave at the output end of the opposite- 
by the input thin film surface grating means, which may 55 side waveguides to provide a combined wave whose 
have had a phase shift pattern imposed upon it while intensity is a function of the phase difference between 
passing through the first waveguide, combined with a the output waves, and means responsive to the com- 
substantially equal fraction of the same wave, which bined wave for providing an indication that is a function 
may have had a phase shift pattern imposed upon it of the intensity thereof. Typically the opposite-side 
while passing through the second waveguide. 60 waveguide is a mirror image of its corresponding wave- 

The apparatus typically comprises also means for guide and is symmetrically positioned on the opposite 
controlling the phase of the wave in each middle strip, side of the straight line in the plane. 
and the phase controlling means typically comprises a For many typical uses of the apparatus, including 
first electrode on one side of each middle strip, a second most of those mentioned above, the selected phase-dif- 
electrode on the opposite side of each middle strip, and 65 ference angle is 180 degrees. For some other typical 
means for connecting a voltage to each electrode. uses, such as the indication of the algebraic sum of pair- 

Where the apparatus is used for providing an indica- wise algebraic differences as mentioned above, the se- 
tion of whether the sets are approximately identical, the lected phase-difference angle is 90 degrees. 
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DRAWINGS 
FIG. 1 is a plan view, greatly enlarged and partly 

schematic, of typical apparatus according to the present 
invention. 

FIG. 2 is a still further enlarged plan view, not to 
scale, of a midportion of the voltage connecting means, 
which in FIG. 1 appears as solid black because the scale 
is not large enough for the spacing between the conduc- 
tors to be visible. 

FIG. 3 is a plan view, at a scale between those of 
FIGS. 1 and 2, of the portions 21, 33, 29, and 38, (with 
the adjacent part of the portion 37) of the waveguides 
30 in FIG. 1. 

FIG. 4 is a plan view, not to scale, expanded in width 
but contracted in length as compared with FIG. 3, 
showing the parabolic shape of a transitional strip 34 (or 
41) in the transitional portion 33 (or 38) of FIG. 3. 

FIG. 5 is schematic view of a simple Mach-Zehnder 
interferometer that is roughly equivalent in its princi- 
ples of operation to those of a single channel in the 
apparatus of FIG. 1. 

CARRYING OUT THE INVENTION 
Referring to FIGS. 1 and 2, typical apparatus accord- 

ing to the present invention for comparing first and 
second sets of voltages having one-to-one correspon- 
dence, and providing an indication responsive to the 
magnitudes of the pairwise differences of the voltages, 
comprises a plurality of channel waveguides 11, each 
having a first electrode 12 on one side of the channel 11 
and a second electrode 13 on the opposite side of the 
channel 11, means 14,16 for connecting each voltage of 
the first set to the first electrode 12 of one waveguide 
11, means 15,17 for connecting each voltage of the 
second set to the second electrode 13 of the waveguide 
11 to the first electrode 12 of which the corresponding 
voltage of the first set is connected, means 18,19,20 for 
directing to the input end 21,22 (see also FIG. 3) of each 
waveguide 11 a substantially plane wave of coherent 
light (as indicated at 23,24,25) having predetermined 
relative intensity and phase, and means (such as the 
detector 51) and associated circuitry 52,58, in FIG. 5) 
responsive to the light 26 emerging from the output end 
28,29 of the waveguides 11 (via a beam splitter 44 and a 
coupling prism 45) for providing an indication that is a 
function of the pairwise relative magnitudes of the first 
set of voitages and the second set of voltages. 

The channel waveguides 11 and the adjacent means 
21,29 typically comDrise a device for guiding a rela- 
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tively broad shbstantially plane input wave 24 or 25 of 
coherent light, segmenting it into a plurality of nar- 
rower waves, and reassembling them into a single rela- 
tively broad output wave 26 or 27 that may be similar to 
the input wave 24 or 25 or may have a phase shift pat- 55 
tern imposed upon it. Typically this device comprises a 
thin film waveguide 30 whose width is relatively broad 
at its input end 21, positioned to receive the input wave 
24 or 25; comprising a relatively short input end portion 
21 comprising a continuous region 21 of thin material, 60 
having a relatively high index of refraction and of sub- 
stantially uniform width, extending in a predetermined 
direction 31 or 32; a first longer transitional portion 33 
comprising a continuation of the same material extend- 
ing from the input end portion 21 in approximately the 65 
same direction in a plurality of narrower first transi- 
tional strips 34 (FIGS. 3 and 4) of which adjacent ones 
are contiguous at the input end 22, each strip 34 taper- 

6 
ing away from the adjacent strips 34 approximately as a 
long, narrow parabola (as in FIG. 4) to a substantially 
narrower width at its other end 35; a middle portion 36 
comprising a further continuation of the same material 
extending from the narrower ends 35 of the first transi- 
tional strips 34 in approximately the same direction 31, 
at least for a substantial length, in still longer middle 
strips 37 of substantially uniform width and spacing; a 
second transitional portion 38, similar to the first (33), 
comprising a further continuation of the same material 
extending from the middle strips 37 in approximately 
the same direction 39 or 40 in second transitional strips 
41, each tapering from the narrow width of the middle 
strips 37 approximately as a long, narrow parabola to 
the width where it  becomes contiguous to the adjacent 
strips 41; and a relatively short output end portion 29, 
similar to the input end portion 21, comprising a further 
continuation of the same material in a continuous region 
29 extending from the second transitional portion 38 in 
approximately the same direction 39 or 40. Typically 
the middle strips 37 are parallel to each other (as in 
FIG. 3) and are curved in a region 42 spaced from the 
transitional portions 33 and 38, and the width of each 
middle strip 37 is about 2 to 50 times the wavelength of 
the input wave 24 or 25. 

The apparatus typically comprises first and second 
such waveguides 30 located substantially in a plane (the 
plane of the paper in FIG. l), wherein the input end 
portion 21 of the first waveguide 30L extends in a direc- 
tion 31 at an acute angle with a straight centerline 43 in 
the plane, to direct the input wave generally along, but 
also away from, the centerline 43, the middle portion 36 
of the waveguide is curved in a region 42 spaced from 
the transition portions 33 and 38, to direct the wave 
further (in the direction 39) at an approximately equal 
acute angle, generally along, but also back toward, the 
centerline 43; and the second waveguide 30R is similar 
to the first one 30L, except that it is a mirror image 
thereof and symmetrically positioned (32,40)-therewith 
on the opposite side of the centerline 43. 

Typically the apparatus comprises also an input-end 
thin film surface grating means 19 for receiving a sub- 
stantially plane wave of coherent light 23 (via a cou- 
pling prism 18) and splitting it into first and second 
input beams 24,25; the first input beam 24, comprising a 
part, (a), of the received wave 23, being directed, via a 
waveguide portion 20, in a first direction 31 to the input 
end portion 21 of the first waveguide 30L, and the sec- 
ond input beam 25, comprising substantially the remain- 
der, (1 -a), of the received wave 23, being directed in a 
second direction 32 to the input end portion 21 of the 
second waveguide 30R; and an output-end thin film 
surface grating means 44 for receiving the beam from 
the output end portion 29 of the first waveguide 30L 
and splitting it into first and second output component 
beams; the first output component beam, comprising a 
part, (1 -a), of the beam received from the first wave- 
guide 30L, being directed in a third direction 39 (via a 
coupling prism 45, as is indicated at 26) to detecting 
means 51 (FIG. 5) for providing an indication respon- 
sive to the intentsity of any light impinging upon it, and 
the second output component beam, comprising sub- 
stantially the remainder, (a), of the beam received from 
the first waveguide 30L, being directed in a fourth di- 
rection 40 (via the coupling prism 45, as is indicated at 
27) to regions spaced from the detecting means 51 (but 
such regions may have other detecting means 59, as in 
FIG. 5, for calibration or other purposes); the output 



7 
4,364,63 3 

thin film surface grating means 44 receiving also the set of voltages proportional to the respective compo- 
beam from the output end portion 29 of the second nents of the other vector. Similarly, where the appara- 
waveguide 30R and splitting it into third and fourth tus is used for providing an indication that is a function 
output component beams, the third output component of the algebraic sum of the pairwise algebraic differ- 
beam, comprising a part, (a), of the beam received from 5 ences between two sets of numbers having one-to-one 
the second waveguide, being directed in the third direc- correspondence, the numbers may be represented by 
tion 39 (via the coupling prism 45, as is indicated at 26) analogs comprising a first set of voltages proportional 
to the detecting means 51, and the fourth output compo- to the respective numbers in one set and a second set of 
nent beam, comprising substantially the remainder, voltages proportional to the respective numbers in the 
(I-a), of the beam received from the second wave- 10 other set. 
guide 30R, being directed in the fourth direction 40 (via In typical embodiments of the invention, the plurality 
the coupling prism 45, as is indicated at 27) to regions of channel waveguides ll(30) are located substantially 
spaced from the detecting means 51 (but optionally in a plane (the plane of the paper in FIG. 1) and include, 
having other detecting means 59, and associated elec- for each waveguide ll(30L) to the electrodes 12,13 of 
tronic circuitry 60,61, if desired); wherein any of the 15 which are connected a voltage of the first set and a 
named directions may be substantially the same as any voltage of the second set, a waveguide ll(30R) posi- 
other except that the first direction 31 must be different tioned on the opposite side of a straight line 43 in the 
from the second direction 32 and the third direction 39 plane; means 14,16,12;15,17,13 are provided for control- 
must be different from the fourth direction 40, whereby ling the phase of the wave in each opposite-side wave- 
the light 26 directed by the output thin film surface 20 guide ll(30R) such that at the output end 29 thereof the 
grating means to the detecting means 51 comprises phase is substantially a selected angle away from the 
substantially the fraction (a) (1 -a) of the wave received phase of the wave at the output end of the correspond- 
by the input thin film surface grating means 19, which ing waveguide ll(30L) on the other side of the line 43 
may have had a phase shift pattern imposed upon it when the voltage of the first set and the voltage of the 
while passing through the first waveguide 30L, com- 25 second set connected to the electrodes 12,13 thereof are 
bined with a substantially equal fraction of the same substantially equal; and the means responsive to the 
wave, which may have had a phase shift pattern im- emerging light comprises means 44 for effectively com- 
posed upon it while passing through the second wave- bining the wave at the output end 29 of the correspond- 
guide 30R. ing waveguides ll(30L) with the wave at the output 

The apparatus typically comprises also means 30 end 29 of the opposite-side waveguides ll(30R) to pro- 
14,16,12; 15,17,13 for controlling the phase of the wave vide a combined wave 26 whose intensity is a function 
in each middle strip, and the phase controlling means of the phase difference between the output waves 29, 
typically comprises a first electrode 12 on one side of and means 51,52,58 responsive to the combined wave 26 
each middle strip 37, a second electrode 13 on the oppo- for providing an indication that is a function of the 
site side of each middle strip 37, and means 14,16 and 35 intensity thereof. Typically each opposite-side wave- 
15,17, respectively for connecting a voltage to each guide ll(30R) is a mirror image of its corresponding 
electrode 12 and 13. waveguide ll(30L) and is symmetrically positioned on 

Where the apparatus is used for providing an indica- the opposite side of the straight line 43 in the plane. 
tion of whether the sets are approximately identical, the For  many typical uses of the apparatus, including 
means responsive to the emerging light comprises 40 most of those mentioned above, the selected phase-dif- 
means (such as the detector 51 and associated circuitry ference angle is 180 degrees. For some other typical 
52,58 in FIG. 5)  for providing an indication when the uses, such as the indication of the algebraic sum of pair- 
first set of voltages is within a selected close approxima- wise algebraic difference as mentioned above, the se- 
tion to the second set of voltages. lected phase-difference angle is 90 degrees. 

(The following discussion of the design and fabrica- 
of voltages with each of a plurality of second sets of tion of a typical embodiment of the invention com- 
voltages: and it then typically comprises means for monly refers to the apparatus in sbmewhat specific 
connecting each second set to  the corresponding sec- terms, such as “preprocessor”. Such terms are not used, 
ond electrodes 13 at a different instant while the first set or to be construed, in any limiting sense.) 
is connected to the corresponding first electrodes 12; 50 A number of concepts involved in the design of the 
and the means responsive to the emerging light com- preprocessor are unique to this device and have there- 
prises means (such as the detector 51 and associated fore not been dealt with in the literature. Among these 
circuitry 52,58 in FIG. 5) for determining how closely are the use of tapered waveguide structures to segment 
each second set approximates the first set. The means and recombine a guided wave, and the use of curved 
51,52,58 responsive to the emerging light 26 may com- 55 channel waveguides to effect a major change in the 
prise also means for indicating which, if any, of the propagation direction of a guided wave. 
second sets of voltages are within a selected close ap- In order for the preprocessor to  exhibit a large dy- 
proximation to the first set of voltages. Alternatively, or namic range, it must be capable of producing a good 
additionally, the means S1,52,58 responsive to the null when the signal and reference sets are identical and 
emerging light 26 may comprise also means for compar- 60 there is a 180 degree phase shift between the signal and 
ing the respective closenesses, and means I )r indicating reference beans. The beams must undergo a transition 
which second set most closely approximates the first from the 0.8 mm-wide Ti-infused channel to 16 narrow 
set. parallel channels and back to 0.8 mm-wide channel. In 

Where the apparatus is used for providing an indica- order to get a good null in a device using this configura- 
tion that is a function of the magnitude of the difference 65 tion, it would be ideal if a uniform plane wave entering 
of two vectors, the vectors may be represented by ana- the structure emerged from it as a uniform plane wave. 
logs comprising a first set of voltages proportional to This condition can be obtained only if the tapers con- 
the respective components of one vector and a second necting the narrow channels to the 0.8 mm channel 

The apparatus may be used for comparing a first set 45 
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function to remove all diffraction effects. If this perfect 
condition does not obtain, an acceptable null can still be 
achieved if the channel structure introduces no spurious 
amplitude or  phase variations across the wavefront and 
the reference and signal beams both exhibit the same 
small perturbations due to the fact that the horns are not 
ideal. 

Because of its novelty and its importance to the pro- 
cessor design, a variety of experiments were undertaken 
to characterize the transition from a single wide wave- 
guide to 16 narrow channels and back to a single wide 
waveguide. In the initial fabrication tests satisfactory 
channel definition was demonstrated as well as the abil- 
ity to couple into all sixteen 10 pm-wide channels from 
the 0.8 mm-wide waveguide. 

It is important that the channel waveguide structure 
be capable of reassembling a light beam into a close 
approximation of the wavefront incident upon the 
structure. The phase perturbations introduced by the 
horns and channels are examined interferometrically 
using sixteen 10 pm-wide channels joined by parabolic 
horns at either end as shown in FIG. 3. Satisfactory 
operation was observed as indicated by the fact that by 
shifting the phase of the reference beam the outputs of 
all channels could be extinguished simultaneously. 

The design of the preprocessor has been driven by 
the interdependent goals of high performance and ease 
of fabrication. The latter goal led to the use of curved 
waveguides and has resulted in a device which, with the 
exception of the beam splitter 19 and combiner 44, can 
be fabricated in two photolithographic steps. The mini- 
mum feature size is 7 pm, although the relative position- 
ing of the two patterns requires - t l  pm registration. 
These criteria are easily met in a well-equipped photo- 
lithographic facility. The main fabrication expense in- 
curred in the production of the preprocessor is the one- 
time cost of the design and production of the photo- 
lithographic masks. As is indicated in FIG. 1, the entire 
optical path is defined by a symmetric titanium infused 
pattern on the surface of a single y-cut LiNb03 crystal. 
As indicated by a series of experiments performed ear- 
lier, a TM, guided wave seems to give the best results 
with such a waveguide. The optical path of the prepro- 
cessor is entirely symmetric for several reasons. The 
equality of the optical paths minimizes the coherence 
length requirements of the laser, thus allowing the use 
of a diode laser in the device. The symmetry also pro- 
vides automatic compensation for any wavefront phase 
or amplitude perturbation introduced by the channel 
waveguide or electrode structures. 

Another feature of the design that is indicated in FIG. 
1 is the presence of a wide output coupling prism which 
allows both of the beams emerging from the beam com- 
biner to be detected. Detecting and suitably combining 
both of the output intensities increases the device sensi- 
tivity as well as allows the suppresion of noise due to 
laser power fluctuations. 

The laboratory models of the preprocessor are fabri- 
cated upon a y-cut slab of LiNbO3 with nominal dimen- 
sions 6f 2.5” X 1” X 0.040”. The material used being 
“selecfqd optical grade” LiNbO3 from Crystal Technol- 

Input coupling and output coupling are accomplished 
using rutile prisms. To simplify packaging and to reduce 
cost, the input prism has a base dimension of 5 m m ~  3.5 
mm rather than the 10 mm X 7 mm used in our earlier 
laboratory experiments. The output prism is 10 
mmx3.5 mm to allow it to pass both output beams. 

ogy, Iric. 

10 
The entire optical path is a titanium-infused single- 

mode optical waveguide, used to guide the TM, mode. 
The titanium is deposited on the LiNb03 substrate by 
electron-beam evaporation and the waveguide pattern 

5 is defined by photolithographic techniques. 
The major criterion for the selection of values of the 

channel waveguide parameters is the minimization of 
optical loss in the device. Our experiments indicate that 
the following values appear to be optimal. 

10 

Channel width 7 v 

Infusion temperature 1ooo” c. 

Titanium thickness 750A“ 
Infusion time 5 hrs 

15 

Under these conditions waveguide losses of <2  dB/cm 
for the straight sections with an additional 10 dB/cm for 
the curved sections are typical. The overall optical loss 

2o typically is less than 16 dB, and the interchannel cross- 
talk less than 20 dB. 

As can be seen in FIG. 1, the titanium infused pattern 
extends from one end of the substrate to the other and is 
symmetric about the long axis of the device. The sym- 

25 metry is required by the optical considerations, but is 
also useful in that it minimizes the cost and difficulty of 
mask fabrication. The broad pads at either end of the 
device couple smoothly into the 0.8 mm-wide channels. 
The width of the pads enables the grating beam splitters 

3o to function properly. The smooth contour and broad 
expanse are chosen to facilitate the even flow of the 
photoresist which must be spun on in order to fabricate 
the gratings. 

The broad pads are joined to the horn region by 0.8 
35 mm-wide channels. The horns function to  segment the 

beam into 16 parallel channels. The layout of the device 
is such as to  provide the maximum straight channel 
length in the electrode region while minimizing the 
overall length of the narrow channels. This is-done to 

40 minimize the required operating voltage and to localize, 
in so far as is possible, the regions which require high 
resolution lithography. 

The horns couple smoothly into the 7 pm-wide chan- 
nels, which then curve through a 20 degree arc with an 

45 average radius of curvature of 1 cm. After passing 
through the electrode region, the 16 individual beams 
are reassembled into a single wide beam by a second set 
of horn structures. The parabolic horns were designed 
using the results presented in the paper of W. K. Burns, 

50 A. F. Milton, and A. B. Lee, OPTICAL WAVE- 
GUIDE PARABOLIC COUPLING HORNS, Appl. 
Phys. Letters 30, 28-30 (1977), for the case of well 
confined waveguide modes. 

The channel waveguide width is chosen to be small 
5 5  enough to minimize curvature losses and large enough 

to minimize fabrication problems. A channel width of 7 
pm is judged to be a suitable compromise. Aid in this 
aspect of the design of apparatus in accordance with 
this invention can be found in the paper LOSSES IN 

60 DIFFUSED LiNbO3 WAVEGUIDES CAUSED BY 
DIRECTIONAL CHANGES, L. D. Hutcheson, Ian 
A. White, and James J. Burke, where experimental 
results for losses in single mode titanium diffused LiN- 
b03 channel waveguides having corner bends and 

65 smooth curved bends are presented and compared to 
theory. This paper is included in TOPICAL MEET- 

OPTICS, a digest of technical papers presented at the 
ING O N  INTEGRATED A N D  GUIDED-WAVE 
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Topical Meeting on Integrated and Guided-Wave Op- 
tics, Jan. 28-30, 1980, Incline Village, Nev.; IEEE Cata- 
log Number 80CH1489-4 QEA; Library of Congress 
Catalog Number 79-90228. 

The beam splitter and the beam combiner are fabri- 
cated by the holographic exposure of photoresist using 
the 0.488 pm line of an argon-ion laser. Most of our 
work has been on beam splitters with a grating spacing 
of about 0.56 pm, which results in a 15 degree Bragg 
angle for the guided 0.6382 pm output of a He-Ne laser. 
These gratings have been produced with a diffraction 
efficiency q of 7%. The maximum throughput for the 
pair of gratings occurs when the two beams recombine 
in phase. In this case, the output intensity is diminished 
by a factor of 4q(l-q) from the input intensity. A pair 
of 7% gratings therefore have a transmission loss of 6 
dB. 

In a recent article Holographic Recording Materials, 
H. M. Smith, ed., R. A. Bartolini discusses the modula- 
tion transfer function of photoresist. He points out that 
the maximum useful recording spatial frequency of this 
material is 1500 lines/mm after which the response falls 
off sharply. The 15 degree gratings have a spatial fre- 
quency of 1800 lines/mm. We have found that even a 
slight increase in the grating spacing yields higher dif- 
fraction efficiencies. This is consistent with Bartolini's 
data. By going to a 10 degree Bragg angle the spatial 
frequency of the gratings is reduced to about 1200 li- 
nes/mm, typically with a diffraction efficiency of at 
least 15% and a grating loss of about 3 dB. 

The use of channel guides in the data entry region of 
the processor allows the use of simple surface elec- 
trodes to impress electrical information on the light 
beam. The basic form and geometry of the electrodes 
used is shown in FIG. 2. Difference information is im- 
pressed on light in the waveguide channel passing be- 
tween the electrodes by simply applying the signal volt- 
age for that channel on one electrode and the reference 
voltage for that channel on the other electrode. Typical 
dimensions used in a presently preferred design are 
given in the following table. 

ELECTRODE PARAMETERS FOR TYPICAL DESIGN 
Item Meaning Value 

A Width of an electrode 15 p m  
B Space between adjacent electrode pairs IO prn 
C Space between.electrodes of a pair IO prn 
D Length of an electrode 1.75 rnm 
E Width of leadout metallization 20 pm 
F Space between leadout lines 20 pm 
G Total fanout height 4.1 m m  
H Offset between top horizontal fanout . 1.0 rnrn 

J Width of fanout lines 50 pm 
K Space between fanout lines 50 pm 
L Pad height 1.0 mm 
M Pad width 1.0 rnrn 
N Space between pads 0.5 mm 
0 Electrode rotation angle. relative to/vadline IO" 

edge and lower pad edge 

One of the advantages of the use of curved channels 
rather than total internal reflection (TIR) mirrors or 
other direction changing means is that electrical con- 
nections to the electrodes can be made in-line on each 
edge of the LiNbO3 crystal. T o  achieve a suitable in-line 
design without carrying thin lines of metallization over 
large distances required that we adopt the unsymmetric 
design shown in the lower part of FIG. 2, and that we 
use a more conventional fan-out scheme, as pictured in 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
the upper part of FIG. 2. Typical dimensions for the 
fanout and pad regions are also given in the table. 

The parameter H in FIG. 2 has been introduced to 
provide a controllable offset between the lower edge of 
the pad line and the upper edge of the horizontal part of 
the fanout lines. This offset is needed to facilitate mak- 
ing connections to the pads without danger of shorting 
the fanout lines through solder splash or other manufac- 
turing artifacts. 

Although it is desirable to use a semiconductor laser 
as the light source, it appeared to be more appropriate 
to use a He-Ne laser at the present stage of device devel- 
opment. However, except for the necessity of adjusting 
the grating spacing of the beam splitter and combiner, 
the device as described here is capable of operating at 
0.82 pm. 

The detector is chosen according to the criteria of 
sensitivity, noise figure, speed of response, convenience, 
and availability. The overall optical loss of the device is 
estimated to be a maximum of 23 dB. Therefore, 1 mw 
incident upon the input coupling prism results in 5 p w  
at the detector. This is more than enough light for a PIN 
photodiode such as the Hewlett Packard 5082-series 
devices. These have response speed in the nanosecond 
range, sensitivity of 0.5 pA/pw and noise equivalent 
powers in the range of 3 x 10- 14 watts. Output currents 
therefore are in the microamp range and the dynamic 
range is 80 dB. far greater than that of the device itself. 

Package design presently is chosen to satisfy the fol- 
lowing goals: 

1. Provide protection for the integrated optical cir- 
cuit (IOC) and interconnects. 

2. Provide convenient electrical connections. 
3. Provide for sturdy mounting of the coupling 

4. Permit safe and convenient transporation. 
5 .  Permit easy access to both input and output optics. 
In order to minimize the cost, standard off-the-shelf 

components are chosen whenever possible. Size minimi- 
zation is not considered important at this time. Several 
packages were considered including a dual inline inte- 
grated circuit package and one based on the thick film 
hybrid technology. Cost and availability led to  a design 
that can be fabricated in-house with great flexibility and 
within a reasonable time frame. 

The design focuses around a standard single-sided 
printed circuit (PC) board. The IOC and the P C  board 
are mounted on a support plate in such a way that the 
waveguide surface is flush with the upper foil surface of 
the board. Above this structure is a metal frame used to 
clamp prisms on the IOC. 

The main function of the printed circuit board is to 
provide electrical interconnect between the IOC and 
standard ribbon cable connectors. 1/16' glass epoxy 
board with gold plated leads was chosen. An etched 
pattern with pads for wire bonding forms the intercon- 
nect. Leads in this pattern fan out from the two long 
sides of the IOC to two connectors on opposite sides of 
the board respectively. 

A standard ultrasonic wire-Londing technique is used 
to connect all 64 leads of tk.2 device. After the wire 
bonding is completed, prisms are added and clamped in 
position using fine thread nylon screws. A box cover 
can be added for protection during shipment and during 
testing in the laboratory. 

The fabrication is accomplished by the following 
procedure: 

1. Prepare waveguide mask. 

prisms. 
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2. Prepare electrode mask. to that of clear fused quartz (5.5X 10-7cm/cm/”C.) we 
3. Prepare substrate for waveguide formation. This find that the dimensional change across the width of the 

step includes inspection, cleaning, and if necessary, pattern is less than 0.01 pm/”C. This is not a source of 
polishing of the substrate. It concludes with the deposi- difficulty in the device fabrication. 
tion of a titanium film. Experiments in mask alignment and registration have 
4. Photolithographically define waveguide pattern. shown that the waveguide pattern is visible even after it 

This step includes the application of photoresist to the is covered with a layer of aluminum and a layer of 
LiNbO3 substrate, exposure and development of the photoresist. It is therefore possible to align the electrode 
resist and etching of the titanium pattern. It concludes mask by direct observation of the waveguide pattern. 
with a careful miCrOSCOpiC evaluation Of the titanium 10 Nevertheless, we prefer to include standard registration 
pattern; similar evaluations are made at the intermediate marks On the masks. These are used for the initial align- 
steps. ment, the final alignment being by direct observation of 

5 .  Thermally diffuse titanium to form waveguide the channel pattern. 
pattern. 

6. Aluminize the substrate. 15 APPLICABILITY 
7. Define electrode pattern. This step is similar to 

Step 4, but contains the additional element of registra- 
tion of the electrode mask with the already existing 
waveguide pattern. 

third step which involves the application and exposure 
(1) 

pattern is defined by the interference of two coherent 
light beams and the resist which remains after develop- where and are the amplitudes of the respective 
ment is the actual optical element. This 1s the only step 25 beams at the detector and 41 and 42 are their phases. In 
in the fabrication procedure which involves something arm 1 and arm 2, an e~ectrooptic medium is assumed, an 
other than conventional photolithography. electrooptic phase shifter 53 is shown in arm 1; another, 

9. Prepare printed circuit board. This step includes 54, in arm 2. The phase shift in arm 1 is proportional to 
the design, board metallization, photolithographic defi- vS-vR and will be set equal to K(v~-v~). The phase 
nition, and etching of the fan-out pattern which will 30 shift in arm 2 is controlled by vA and will be denoted by 
connect the electrodes to the ribbon cable connector. A. If we set A ~ = A ~ = A ,  

5 

~ ~ ~ i ~ ~ l  operation ofthe invention as shown in FIGS, 
1-4 can be best explained by looking first at the opera- 
tion of the Mach-Zehnder interfermeter 50 
shown in FIG. 5. The light intensity seen by the detec- 

8. Form beam splitter and beam combiner. This is the 20 tor j1 is 

of photoresist. It differs from Steps 4 and 7 in that the I = A I ~ + A Z ~ + Z A I A Z  COS (41-42) 

(1) can be rewritten 
10. Mount PC board on brass base. 

(2) 
12. Bond leads. Conventional ultrasonic bonding is 

35 Setting A1 =A2 will simplify the subsequent description 
13. Mount prisms. of the operation. It is accomplished in a real device by 
The photolithographic processes of Steps 3,4, 6, and using using a beam splitter 55 and beam combiner 56, 

7 are based on the use of a positive photoresist with a which have identical properties. 
positive mask and wet-chemical etching for metal pat- The present invention is an integrated optical circuit 
tern definition. Recent improvements in negative pho- 40 ( 1 0 ~ )  which incorporates a number of Mach-Zehnder 
toresists allow the use of a negative mask, if desired, in interferometers in such a way that input voltages and 

operations, using either positive or negative resists. BY negligible cross-talk, then the IOC can be considered to 
this method, the patterns are delineated in photoresist 45 be a simple interferometer in which the wavefront in 
applied to the substrate surface after which metalliza- each arm 30L,30R is broken up into independent 
tion is performed. The unwanted metal is “lifted off’ in segments 3, each one of whiA can be subjected to a 

discrete phase shift. For an N-channel device Equation final stripping of the resist. 
The steps involved in fabricating the photolithogra- 

phy by masks are: 
A. Define the patterns needed. 

11. Mount LiNbO3 on support structure. I= M 2 [  1 +cos (k vs-kv~ - A)] 

used. 

future work. the technique may be pre- 
ferred for One Or the Other Of the photolithographic 

output signals are read out in parallel. If we suppress 
diffraction effects by working in the near field, and have 

5o (1) becomes 

N (3) B. Generate the pattern by computer for final verifi- I = 2 ~ ’  , z cation. I =  1 
[ I  + cos(+il - bil)] 

C. Generate a plotting tape or punched cards. 
D. Generate a Rubylith pattern. 
E. Generate intermediate. 
F. Assemble intermediate into composite. 
G. Fabricate mask sets. 
One of the major differences between the require- 

ments of integrated optics and integrated electronics, I 60 
that the former requires that close tolerances be main- 
tained over large distances while the latter requires hign 
component densities in small areas. We are therefore 
concerned about possible dimensional changes which 
might occur over the entire optical path due to thermal 65 electrical ports. 
differences which might exist between the mask fabrica- 
tion nd mask explosure sites. Assuming that the coeffi- 
cient of thermal expansion of the mask substrate is close 

55 In the most general view of the device 

4il - 4i2 = +[ $ (via - vip) - ;i; 12 (viy - Vid 

where n is the mode index of the guided wave, r is the 
appropriate electrooptic coefficient, 11 and dl the length 
and width of the electrode gaps in the signal and refer- 
ence areas, and the subscripts a, 6,  ?, 6 refer to the four 

The most general inputs to the device is four voltage 
sets {Va}, {Vp} {Vy}, and {Vs}, each corresponding 
to a vector in an N-dimensional space. We will initially B 
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consider the N-channel analog of the simple interferom- 
eter 50 shown in FIG. 5. In this case (8) N N 

S = # [ N  -51 = i f l  VSi - I =  ,I 1 VRj 

5 { V d  = {VS) 

then we can determine the difference between the sums 
of the signal and reference voltages. Note that in this 
case the signal can be positive or negative. This is the 
most sensitive mode of operation since, as can be shown 

lo from Eq. (3) aI/a (V.'ji-VRi) is a maximum when 
and the light intensity at the detector 51 is described by 
the equation 

'=*I2 and VS1zVR" 
T o  summarize some of the highlights of the typical 

embodiment of the invention as shown in the drawings, - 
and its fabrication: 

The primary purpose of the apparatus is to perform 
the vector subtraction operation. The apparatus in FIG. 
1 is fabricated entirely upon a single LiNbO3 crystal 

Examination of Eq. ( 5 )  will reveal several modes of 6.35 c m ~ 2 . 5 4  cm. The optical path is a photolitho- 
operation of the device. graphically-defined Ti-infused waveguide 11. Several 

I. Identification Mode A. If A =  fn then the condi- 2o features of this design should be noted. The Ti-pattern is 
tion 1=0 obtains only when V s i = V ~ i  for all i. If a flared out at each end 66,67 to accommodate the cou- 
reference set {VR} is imposed upon the reference elec- pling prisms 18,45. The width of the arms 30 starts at 
trades 15 then incoming signal sets, connected to the 800 pm and is subdivided into sixteen channels, each 50 
signal electrodes 14, can be compared to this reference 25 pm wide, by parabolic horn structures 34. The horns 
set and those signal sets which are equal to the reference reduce each channel to a width of 7 Pm Over their 
set within a given limit (i.e., 2k(Vsi-V~i)2sL) can be length (at 37) of about 4.3 mm. The mirrors 63,64 of the 
identified. Mach-Zehnder shown in FIG.  5 are replaced by curved 

a fashion similar to that channel waveguide sections 42 of mean radius 10 mm. 
of Identification ~~d~ A, a single signal set {vS}, can 3o This simplifies the fabrication considerably, but causes a 
be to a large number of reference sets {VR},, significant (but tolerable) loss of light through radiation. , = . . . M. Using conventional electron,c circuitry s2, Following the curved-channel section 42 is a long, 

straight section 36 on either side of which 7.75 p m  long the smallest value of d? resulting from the subtraction electrodes 12,13 are placed, one pair for each channel 
37. The 7-pm channels 37 are then expanded to 50 p m  can be identified at an output 58 that may provide a 

digital printout, an analog signal, o r  any other conve- 35 again by a second set of parabolic horns 41 and the 
nient identifying response. In this manner, the signal can ~m arm width is recovered at 28. In the flared region 67 
be identified as being most similar to one member of the the light is allowed to impinge on the beam combiner 
set of reference sets. This mode of operation requires a 4, identical the beam splitter 19 at the input end 66. 

I = 2Az .v 2 [ I  + C O S ( ~  Vsj  - kVH, - A)] 
( 5 )  l 5  

1 = 1  

11, Identification Mode B. 

library of reference sets which can rapidly be applied to 
the reference electrodes in sequence. An advantage Of 
the invention is derived from the parallel application of 
these voltages and the speed at which the optical corn- 
parison is performed. 

ric identities and expansions it can be shown that for 
A =  +n and I k(Vsi-VRi) I < < 1 for all i =  1 . . . N, 
equation (3) can be rewritten, 

The placement of the electrodes 12,13 near the beam 
combiner 4 was chosen to avoid signal mixing in the 
waveguide bends 42. The beam combiner 4 is placed in 
the near field of the radiation from the two arms 30. It 
is noted that while the smoothly flared Ti-infused re- 

111. Vector Subtraction. Using standard trigonomet- 45 gions at the ends 66,67 may appear to function as horns, 
the flare is much too abrupt to be an effective horn, and 
the light is effectively simply radiated from the ends of 
the arms 30, where the flare begins. 

The data-input electrodes 12,13 are placed on the two 
(6) 50 arms 30 of the device in a second photolithographic 

step. The placement of identical electrode sets on the 
left and right arms 30L,30R enables the use of low volt- 
ages to produce the desired phase shift in the right arm 

sional space, then d is the ''distance'' between, or the 55  ment ofthe fixed phase shift, ', which may be necessary 
magnitude of the difference of, the two vectors. This to for small fabrication variations among 
illustrates the vector subtraction mode of the invention. the channels. The individual electrodes 12,13 are con- Iv. Scalar Subtraction. Using the Same type of trig- nected through a fan-out region 16,17 to l - m m x  l-mm 
nometric identities and expansions used to derive Eq. pads 14,15 along the left and right edges of the crystal. 
(41, we find that for A=a/2  and Ik(vsi-V~i)I < < I ,  60 A detail drawing of the electrode region is sho'wn in 

Once fabricated, the crystal is mounted in a mechani- 
cal jig that serves both to clamp the prisms 18,45 in 
position and to attach the device to a pc board for con- 

65 venient electrical connections using standard pc edge 
connectors. Once the crystal is mounted, the electrode 
pads 14,15 on the crystal surface are connected to an 
array of connecting lines on the pc board. 

2%' 

1 = 1  
I = A 2  ,I k2(Vsj - V R ~ ) ~  = d2 

If we regard {vsi) and lVRi}  as vectors in 30R and also enables the channel-by-channel adjust- 

Eq. (3) reduces to FIG. 2. I: 

(7) 1 
If the output of the apparatus is defined to be the signal 



17 
4,364,633 

The device design has several other features also. FECT A N D  T H E  PHOTO-REFRACTIVE PRO- 
First, the design is completely symmetric about its cen- CESS IN LiNbO3, Appl. Phys. Lett., 25 (4), 233-235 
terline 43; so variations in path lengths due to tempera- (1974). 
ture variations or overall stresses are minimized, be- 8. Bums, W. K., Milton, A. F., and Lee, A. B., OPTI- 
cause the same changes take place in each arm 30. The 5 CAL WAVEGUIDE PARABOLIC COUPLING 
symmetry also allows use of diode lasers having short 
coherence lengths. Next, the design calls for a wider 9. Milton, A. F., and Burns, W. K., MODE COU- 
prism 45, at the output 67 than the prism 18 at the input PLING IN OPTICAL WAVEGUIDE HORNS, 
66, so that the output 26,27 from both arms can be moni- IEEE Jour. Quantum Elect., Vol. QE-13, pp 828-835 
tored (at 51 and 59). This allows simple ratioing meth- 10 (1977). 
ods to be used which eliminate the effects of intensity 10. Heiblum, M. and Harris, J. H., ANALYSIS OF 
variations from the source of input prisms. Finally, the CURVED OPTICAL WAVEGUIDES BY CON- 
opening angle of the arms, lo", (at 20 and 29) allows the FORMAL TRANSFORMATION, IEEE Jour. Quan- 
use of fairly coarse surface gratings (h=0.828 pm for tum Elect., Vol. QE-11, pp 75-83 (1979). 
h,=0.6328 pm) for the beam splitter 19 and the beam 15 11. Verber, C. M., AN INTEGRATED OPTICAL 
combiner 44. This period is well below the resolution PREPROCESSOR FOR MULTICHANNEL ANA- 
roll-off for common photoresists. At this period, the LOG DATA, Progress in Astronautics and Aeronau- 
photoresist grating itself has sufficient efficiency for tics, Volume 67, pp 367-379 (1979). 
operation of the device. While the forms of the invention herein disclosed 

Much of the disclosure in this section on Applicabil- 20 constitute presently preferred embodiments, many oth- 
ity and in the section on Background is contained in a ers are possible. It is not intended herein to mention all 
paper presented by the inventors at the Society of of the possible equivalent forms or ramifications of the 
Photo-optical Instrumentation Engineers (SPIE) Los invention. It is to be understood that the terms used 
Angeles Technical Symposium in North Hollywood, herein are merely descriptive rather than limiting, and 
Calif., Feb. 4-8, 1980. The paper is titled AN INTE- 25 that various changes may be made without departing 
GRATED OPTICAL CIRCUIT FOR PERFORM- from the spirit or scope of the invention. 
ING VECTOR SUBTRACTION, and is published in We claim: 
the proceedings of the symposium. The closest items of 1. Apparatus for comparing first and second sets of 
prior art that the inventors are aware of are the refer- voltages having one-to-one correspondence, and pro- 
ences cited in that paper and those cited in a paper titled 30 viding an indication responsive to the magnitudes of the 
A PROPOSED SMART INTEGRATED-OPTICAL pairwise differences of the voltages; comprising 
PREPROCESSOR USING HOLGRAPHIC SUB- a Mach-Zehnder interferometer, at least one arm of 
TRACTION presented at the SPIE Technical Sympo- which includes a plurality of channel waveguides, 
sium East 1979, Washington, D.C., Apr. 17-20, 1979, by each waveguide having a first electrode on one side 
C. M. Verber (one of the present inventors) and D. W. 35 of the channel and a second electrode on the oppo- 
Vahey. This paper is published in the proceedings of the site side of the channel; 
symposium. means for connecting each voltage of the first set to 

The references cited in the two papers are: the first electrode of one waveguide; 
1. Wood, Van E., Hartman, N. F., Verber, C. M., and means for connecting each voltage of the second set 

Kenan, R. P., HOLOGRAPHIC FORMATION OF 40 to the second electrode of the waveguide to the 
GRATINGS IN OPTICAL WAVEGUIDING LAY- first electrode of which the corresponding voltage 
ERS, J. Appl. Phys., 46 1214 (1975). of the first set is connected; 

2. Verber, C .  M., AN INTEGRATED OPTICAL means for directing to the input end of each wave- 
PREPROCESSOR FOR MULTICHANNEL ANA- guide a substantially plane wave of coherent light 
LOG DATA, Paper presented at AIAA/NASA Con- 45 having predetermined relative intensity and phase; 
ference on SMART SENSORS, NASA, Langley Re- and 
search Center, Hampton, Va., Nov. 14-16, 1978. means responsive to the light emerging from the 

3. Vahey, D.  W., SMART, REMOTE HOLO- output end of the waveguides for providing an 
GRAPHIC PROCESSOR BASED ON T H E  MATE- indication that is a function of the pairwise relative 
RIALS CHARACTERISTICS O F  LiNb03, Paper 50 magnitudes of the first set of voltages and the sec- 
presented at AIAA/NASA Conference on SMART ond set of voltages. 
SENSORS, NASA, Langley Research Center, 2. Apparatus for comparing first and second sets of 
Hampton, Va., Nov. 14-16, 1978. voltages having one-to-one correspondence, and pro- 

viding an indication responsive to the magnitudes of the 
FRACTIVE EFFECTS FOR REVERSIBLE HO- 55 pairwise differences of the voltages; comprising 
LOGRAPHIC STORAGE O F  INFORMATION, a plurality of channel waveguides, each having a first 
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means responsive to the light emerging from the 
output end of the waveguides for providing an 
indication that is a function of the pairwise relative 
magnitudes of the first set of voltages and the sec- 
ond set of voltages, and 

wherein the channel waveguides, electrodes, voltage 
connecting means, and light directing means corn- 
prise a device for guiding the input wave of coher- 
ent light, segmenting it into a plurality of waves, 
and reassembling them into a single output wave 10 
that may be similar to the input wave or may have 
a phase shift pattern imposed upon it; comprising 

a thin film waveguide whose width is relatively broad 

cally positioned therewith on the opposite side of 
the centerline. 

6. Apparatus as in claim 5; comprising also 
an input-end thin film surface grating means for re- 

ceiving a substantially plane wave of coherent light 
and splitting it into first and second input beams; 

the first input beam, comprising a part, (a), of the 
received wave, being directed in a first direction to 
the input end portion of the first waveguide, and 
the second input beam, comprising substantially 
the remainder, (1 -a), of the received wave, being 
directed in a second direction to the input end 
portion of the second waveguide; and 

receiving the beam from the output end portion of 
the first waveguide and splitting it into first and 
second output component beams; 

(1 -a), of the beam received from the first wave- 
guide, being directed in a third direction to detect- 
ing means for providing an indication responsive to 
the intensity of any light impinging upon it, and the 
second output component beam, comprising sub- 
stantially the remainder, (a), of the beam received 
from the first waveguide, being directed in a fourth 
direction to regions spaced from the detecting 
means; 

the output thin film surface grating means receiving 
also the beam from the output end portion of the 
second waveguide and splitting it into third and 
fourth output component beams, the third output 
component beam, comprising a part, (a), of the 
beam received from the second waveguide, being 
directed in the third direction to the detecting 
means, and the fourth output component beam, 
comprising substantially the remainder, (1 -a), of 
the beam received from the second waveguide, 
being directed in the fourth direction to regions 
spaced from the detecting means; 

wherein any of the named directions may be substan- 
tially the same as any other except that the first 
direction must be different from the second and the 
third direction must be different from the fourth; 

whereby the light directed by the output thin film 
surface grating means to the detecting means com- 
prises substantially the fraction (a) (1 -a) of the 
wave received by the input thin film surface grat- 
ing means, which may have had a phase shift pat- 
tern imposed upon i t  while passing through the first 
waveguide, combined with a substantially equal 
fraction of the same wave, which may have had a 
phase shift pattern imposed upon it while passing 
through the second waveguide. 

5 

at its input end, positioned to receive the input an output-end thin film surface grating for wave; comprising 
a relatively short input end portion comprising a 

continuous region of thin material, having a rela- 
tively high index of refraction and of substantially 

tion; 
a first longer transitional portion comprising a contin- 

uation of the same material extending from the 
input end portion in approximately the same direc- 
tion in a plurality of narrower first transitional 
strips of which adjacent ones are contiguous at the 25 
input end, each strip tapering away from the adja- 
cent strips approximately as a long, narrow parab- 
ola to a substantially narrower width at its other 
end; 

a middle portion comprising a further continuation of 30 
the same material extending from the narrower 
ends of the first transitional strips in approximately 
the same direction, at least for a substantial length, 
in still longer middle strips of substantially uniform 
width and spacing; 

a second transitional portion, similar to the first, com- 
prising a further continuation of the same material 
extending from the middle strips in approximately 
the same direction in second transitional strips, 
each tapering from the narrow width of the middle 40 
strips aPProximatelY as a long narrow Parabola to 
the width where it becomes contiguous to the adja- 
cent strips; and 

a relatively short output end portion, similar to the 
input end portion, comprising a further continua- 45 
tion of the same material in a continuous region 
extending from the second transitional portion in 
approximately the same direction. 

3. Apparatus as in claim 2, wherein the middle strips 
are parallel to each other and are curved in a region 50 
spaced from the transitional portions. 

4. Apparatus as in claim 3, wherein the width of each 
middle strip is about 2 to 50 times the wavelength of the 
input wave. 

l 5  

uniform width, extending in a predetermined direc- the Output component beam, comprising a part, 
2o 
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5. Apparatus as in claim 2, 3, or 4, comprising first 55 
and second such waveguides located substantially in a 7. Apparatus as in comprising also means for 
plane; wherein controlling the phase of the wave in each middle strip. 

the input end portion of the first waveguide extends 8. Apparatus as in claim 7, wherein the phase control- 
in a direction at an acute angle with a straight ten- ling means Comprises a first electrode On One side Of 
terline in the plane, to direct the input wave gener- 60 each middle strip, a second electrode on the opposite 
ally along, but also away from, the centerline; side of each middle strip, and means for connecting a 

the middle portion of the waveguide is curved in a voltage to each electrode. 
region spaced from the transition portions, to di- 9. Apparatus as in claim 8, for providing an indication 
rect the wave further at an approximately equal of whether the sets are approximately identical, 
acute angle, generally along, but also back toward, 65 wherein the means responsive to the emerging light 
the centerline; and comprises means for providing an indication when the 

the second waveguide is similar to the first one, ex- first set of voltages is within a selected close approxima- 
cept that it is a mirror image thereof and symmetri- tion to the second set of voltages. 
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10. Apparatus as in claim 8, for comparing a first set 
of voltages with each of a plurality of second sets of 
voltages; comprising 

means for connecting each second set to the corre- 
sponding second electrodes at a different instant 
while the first set is connected to the correspond- 
ing first e!ectrodes; 

wherein the means responsive to the emerging light 
comprises means for determining how closely each 
second set approximates the first set. 

11. Apparatus as in claim 10, wherein the means re- 
sponsive to the emerging light comprises also means for 

the wave at the output end of the opposite-side 
waveguides to provide a combined wave whose 
intensity is a function of the phase difference be- 
tween the output waves, and means responsive to 
the combined wave for providing an indication 
that is a function of the intensity thereof. 

16. Apparatus as in claim 15, wherein the opposite- 
side waveguide is a mirror image of its corresponding 
waveguide and is symmetrically positioned on the op- 

17. Apparatus as in claim 16, wherein the selected 

5 

10 posite side of the straight line in the plane. 

angle is 180 degrees. 
indicating which, if any, of the second sets of voltages 
are within a selected close approximation to the first set 
of voltages. 

12. Apparatus as in claim 10, wherein the means re- 
sponsive to the emerging light comprises also means for 
comparing the respective closenesses, and means for 
indicating which second set most closely approximates 
the first set. 
13. Apparatus as in claim 8, for providing an indica- 

tion that is a function of the magnitude of the difference 
of two vectors, wherein the vectors are represented by 
analogs comprising a first set of voltages proportional 
to the respective components of one vector and a sec- 25 
ond set of voltages proportional to the respective corn- 
ponents of the other vector. 
14. Apparatus as in claim 8, for providing an indica- 

tion that is a function of the algebraic sum of the pair- 
wise algebraic differences between two sets of numbers 30 
having one-to-one correspondence, wherein the num- 
bers are represented by analogs comprising a first set of 
voltages proportional to the respective numbers in one 
set and a second set of voltages proportional to the 
respective numbers in the other set. 

18. Apparatus as in claim 16, wherein the selected 
angle is 90 degrees. 

19. Apparatus for guiding a substantially plane input 
wave of coherent light, segmenting it into a plurality of 
waves, and reassembling them into a single output 
wave, comprising a thin film waveguide whose width is 
relatively broad at its input end, positioned to receive 

a relatively short input end portion comprising a 
continuous region of thin material, having a rela- 
tively high index of refraction and of substantially 
uniform width, extending in a predetermined direc- 
tion; 

a first longer transitional portion comprising a contin- 
uation of the same material extending from the 
input end portion in approximately the same direc- 
tion in a plurality of narrower first transitional 
strips of which adjacent ones are contiguous at the 
input end, each strip tapering away from the adja- 
cent strips approximately as a long, narrow parab- 
ola to a substantially narrower width at its other 
end; 

a middle portion comprising a further continuation of 
the same material extending from the narrower 
ends of the first transitional strips in approximately 
the same direction, at least for a substantial length, 
in still longer middle strips of substantially 'uniform 
width and spacing; 

a second transitional portion, similar to the first, com- 
prising a further continuation of the same material 
extending from the middle strips in approximately 
the same direction in second transitional strips, 
each tapering from the narrow width of the middle 
strips approximately as a long, narrow parabola to 
the width where it becomes contiguous to the adja- 
cent strips; and 

a relatively short output end portion, similar to the 
input end portion, comprising a further continua- 
tion of the same material in a continuous region 
extending from the second transitional portion in 
approximately the same direction. 

15 

20 the input wave; comprising 
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15. Apparatus as in claim 8, wherein 
the plurality of channel waveguides are located sub- 

stantially in a plane and include, for each wave- 
guide to the electrodes of which are connected a 
voltage of the first set and a voltage of the second 40 
set, a waveguide positioned on the opposite side of 
a straight line in the plane; 

means are provided for controlling the phase of the 
wave in each opposite-side waveguide such that at 
the output end thereof the phase is substantially a 45 
selected angle away from the phase of the wave at 
the output end of the corresponding waveguide on 
the other side of the line when the voltage of the 
first set and the voltage of the second set connected 
to the electrodes thereof are substantially equal; 50 
and 

the means responsive to the emerging light comprises 
means for effectively combining the wave at the 
output end of the corresponding waveguides with * * * * *  
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